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Taste papillae are ectodermal specializations that serve to house and distribute the taste buds and their renewing cell populations in
specific locations on the tongue. We previously showed that Sonic hedgehog (Shh) has a major role in regulating the number and spatial
pattern of fungiform taste papillae on embryonic rat tongue, during a specific period of papilla formation from the prepapilla placode. Now
we have immunolocalized the Shh protein and the Patched receptor protein (Ptc), and have tested potential roles for Shh in formation of the
tongue, emergence of papilla placodes, development of papilla number and size, and maintenance of papillae after morphogenesis is
advanced. Cultures of entire embryonic mandible or tongues from gestational days 12 to 18 [gestational or embryonic days (E)12–E18] were
used, in which tongues and papillae develop with native spatial, temporal, and molecular characteristics. The Shh signaling pathway was
disrupted with addition of cyclopamine, jervine, or the 5E1 blocking antibody. Shh and Ptc proteins are diffuse in prelingual tissue and early
tongue swellings, and are progressively restricted to papilla placodes and then to regions of developing papillae. Ptc encircles the dense Shh
immunoproduct in papillae at various stages. When the Shh signal is disrupted in cultures of E12 mandible, tongue formation is completely
prevented. At later stages of tongue culture initiation, Shh signal disruption alters development of tongue shape (E13) and results in a
repatterned fungiform papilla distribution that does not respect normally papilla-free tongue regions (E13–E14). Only a few hours of Shh
signal disruption can irreversibly alter number and location of fungiform papillae on anterior tongue and elicit papilla formation on the
intermolar eminence. However, once papillae are well formed (E16–E18), Shh apparently does not have a clear role in papilla maintenance,
nor does the tongue retain competency to add fungiform papillae in atypical locations. Our data not only provide evidence for inductive and
morphogenetic roles for Shh in tongue and fungiform papilla formation, but also suggest that Shh functions to maintain the interpapilla space
and papilla-free lingual regions. We propose a model for Shh function at high concentration to form and maintain papillae and, at low
concentration, to activate between-papilla genes that maintain a papilla-free epithelium.
D 2004 Elsevier Inc. All rights reserved.
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E-mail address: chmist@umich.edu (C.M. Mistretta).teeth, hair, and feathers, which result from epithelial–
mesenchymal interactions (Cobourne and Sharpe, 2003;
Oro and Scott, 1998; Thesleff, 2003; Yu et al., 2002). In
previous work, we hypothesized a role for Shh in
morphogenesis of another set of ectodermal specializa-
tions, the discrete gustatory papillae that develop from
epithelial–mesenchymal interactions in the developing
tongue. The papillae are unique sensory compartments
that encompass lingual epithelium and underlying con-276 (2004) 280–300
H.-X. Liu et al. / Developmental Biology 276 (2004) 280–300 281nective tissue, and the taste bud cells and their progenitors.
Using whole, embryonic tongue organ cultures, we
demonstrated that Shh can regulate taste papilla induction,
and number and pattern during a narrow temporal window
for papilla formation from placodes (Mistretta et al., 2003).
In the current study, we have investigated roles for Shh
across a broad range of developmental stages before,
during, and after formation of the tongue, as well as in
development of the taste papillae in embryonic rat. First,
Shh protein was localized in early branchial arch and
tongue tissue, and in well-formed tongues from mid- to
late gestation. Second, we disrupted Shh signaling and
now report distinctive roles for Shh at various periods
encompassing formation of the tongue, development of
papilla placodes, and papilla induction, morphogenesis,
spatial distribution, and maintenance.
The oral portion of the rat tongue emerges from the
floor of the mandible as a set of mesenchymal swellings,
covered with epithelium [gestational or embryonic days
(E)12–E13] (Mbiene et al., 1997; Mistretta, 1972, 1991).
Two lateral lingual swellings form anteriorly on either side
of the midline of branchial arch I, and a third medial
swelling, termed the tuberculum impar, forms posteriorly
and directly in front of the foramen caecum. The lateral
swellings enlarge and meet, although an anterior midline
separation, known as the median furrow or sulcus,
remains. Posteriorly, the lateral swellings merge with the
growing tuberculum impar. As the three tongue swellings
grow and fuse, the oral tongue is formed (E13) and
acquires a spatulate shape (E14). The tongue increases in
length with extensive growth of anterior and posterior
components (E15–E21). Furthermore, the oral tongue is
progressively demarcated by the sulcus terminalis from the
pharyngeal portion of the tongue, which essentially derives
from the hypobranchial eminence. This sequence of rat
tongue formation is similar in all respects to mouse and
human tongue embryogenesis (Carlson, 1988; Kaufman,
1992; Paulson et al., 1985).
Whereas the lingual epithelium is histologically homo-
geneous at E13, by late E14, there are rows of placodal
thickenings on the anterior tongue where fungiform papillae
will develop and a swelling on the posterior tongue midline
demarcates where the single circumvallate papilla will form,
just anterior to the foramen caecum (Mbiene et al., 1997;
Mistretta, 1972). The papillae are distinct and protrude from
the dorsum of the tongue by E15. However, papilla growth
and other aspects of morphogenesis proceed through the rest
of gestation. Histologically defined, early taste buds are not
seen until E20–E21, and taste bud development within the
gustatory papillae is essentially a postnatal process (Hill,
2001; Mistretta, 1972, 1991).
The gradual yet distinctive stages from formation of the
tongue itself, a major organ at the oral extreme of the
gastrointestinal system, through differentiation of numerous
cell types, including sensory receptors, provide a partic-
ularly fertile arena for discerning how ectodermal special-izations emerge in spatial patterns. We established a whole
tongue culture in which embryonic tongue and taste papillae
develop with structural, temporal, and molecular signatures
that match in vivo development (Mbiene et al., 1997; Nosrat
et al., 2001). The tongue culture permits study of formative
processes in the absence of potentially confounding effects
from intact nervous or vascular systems. Whereas verte-
brates with mutations for major morphogens can suffer
extreme craniofacial disruptions that preclude a progression
to later stages of normal oral–facial development (Hu and
Helms, 1999), in our whole tongue culture system, the entire
lingual organ is sustained, in vitro tests of molecular
regulation are feasible at discrete developmental time points,
and signaling pathways can be disrupted in a quantitative
manner.
The patterned distribution of fungiform papillae on the
anterior tongue of embryonic rat is distinctive (Mbiene et
al., 1997; Mistretta, 1972) and reminiscent of the rows of
whisker follicles on the embryonic rat snout (Robinson and
Mahon, 1994) or feather distribution in avian skin (Jung et
al., 1998). Of many signaling molecules with roles in
patterning epithelial specializations, Shh, Patched (Ptc), Gli,
Bmp 2,4, and Fgf 8 transcripts have been demonstrated in
embryonic rodent tongue (Bitgood and McMahon, 1995;
Hall et al., 1999; Jung et al., 1999). Functional analyses of
Shh signaling in tongue papillae in embryonic rat (Mistretta
et al., 2003) and mouse (Hall et al., 2003) have shown roles
for Shh in papilla development. When we used cyclop-
amine, a plant steroidal alkaloid, to disrupt the Shh pathway
in cultures of E14 rat tongue, the fungiform papilla numbers
doubled and even formed on posterior tongue regions where
fungiform papillae are never found in vivo (Mistretta et al.,
2003). These findings demonstrated a direct role for Shh in
regulating taste papilla distribution and revealed a posterior
tongue competence to form fungiform papillae. However,
roles for Shh in tongue formation and knowledge of the
temporal window when active signaling is required for
papilla development and continued maintenance are not
known.
To learn whether Shh has different roles at stages before
and after tongue and papilla formation, we first have
localized the Shh protein in embryonic mandible, tongue,
and taste papillae from E12 to E18. Because the Patched
receptor protein (Ptc) is an indicator and regulator of Shh
signal activity (Cooper et al., 1998; Goodrich and Scott,
1998; Incardona et al., 1998), we confirmed that Ptc is
present in developing tongue and papillae. Second, we used
a pharmacological block of Shh signaling in whole
mandible or tongue cultures to test the hypothesis that
Shh has distinct roles at different temporal stages of tongue
and taste organ development. Steroidal alkaloids, cyclop-
amine, and jervine, which potently block hedgehog signal-
ing downstream of Ptc, were used to inactivate all hedgehog
ligands (Chen et al., 2002; Taipale et al., 2000), and we also
used the 5E1, Shh-blocking antibody (Ericson et al., 1996;
Fuse et al., 1999). We report that tongue and taste papilla
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requirements for Shh. A model is proposed for Shh in
papilla formation and patterning based on high and low
levels of the protein within papillae and between papillae,
respectively.Methods
Rat embryo and tongue dissection
Timed, pregnant Sprague–Dawley rats were obtained
from Charles River breeders. Animal maintenance and use
were in compliance with approved institutional animal
care protocols and were according to National Institutes
of Health guidelines. Embryonic day 0 (E0) was
designated the day on which the dam was sperm-positive.
E12 to E18 embryos were used, and all dissections were
between 9 am and 1 pm to insure consistency across
litters.
Dams were deeply anesthetized with an intraperitoneal
injection of sodium pentobarbital (60 mg/kg body weight)
which also anesthetizes the embryos. Anesthetized embryos
were removed using aseptic techniques and placed in cold
Earle balanced salt solution (EBSS) containing gentamicin
sulfate (50 Ag/ml), and buffered with 20 mM HEPES (pH
7.4), in a sterile Petri dish. Embryo heads were dissected and
moved to fresh EBSS. For organ cultures, mandibles (E12)
were dissected with the second branchial arch included, or
whole tongues (E13–E18) were dissected away from the
mandible. For whole tongue immunohistochemistry,
tongues with a portion of the mandible (E13 through E18)
were dissected and fixed (described below). For immuno-
histochemistry on intact embryo tissue sections (described
below), entire heads were rapidly frozen in O.C.T.
compound (Miles Scientific, Elkhart, IN).
Mandible and tongue organ cultures
E12 mandibles or E13–E18 tongues were cultured using
a whole tongue organ culture system as described pre-
viously (Mbiene et al., 1997). Dissected mandibles or
tongues were positioned with the dorsal surface upward
on small squares of sterile Millipore HA filter (0.45-Am pore
size) wetted with EBSS. Tongues and filter papers were then
placed on stainless steel grids in standard organ culture
dishes (Falcon 3037). Cultures were fed with a 1:1 mixture
of Dulbecco’s modified Eagle medium and Ham’s nutrient
F12 (DMEM/F12, GIBCO, Gaithersburg, MD), containing
1% fetal bovine serum, 50 Ag/ml gentamicin sulfate, and 2%
B27 culture supplement (GIBCO) (standard medium). The
level of the medium was adjusted so that the cultures were
maintained at the interface between the gas (5% CO2 in air)
and liquid phases of the culture in a humidified incubator at
378C (MacCallum, 1994). After 1–3 days, tongue cultures
were removed and processed for light or scanning electronmicroscopy or submerged in O.C.T. compound and rapidly
frozen.
To study the role of the Shh signaling pathway in tongue
formation and papilla development, cyclopamine (CYCL)
or jervine (JERV), steroidal plant alkaloids known to
specifically interrupt the hedgehog signaling process (Gaf-
field et al., 1986; 1999), or a monoclonal Shh-blocking
antibody, 5E1 (A-Shh, Developmental Hybridoma Bank,
University of Iowa; Ericson et al., 1996) was added to the
standard culture medium. Three control culture conditions
were employed: standard culture medium (STAND) as
described above; STAND with addition of solanidine
(SOL), an alkaloid structurally similar to CYCL but
essentially ineffective in disrupting Shh signaling pathway
(Gaffield and Keeler, 1996; Quint et al., 2002); or addition
of normal mouse immune globulin (IgG) to compensate for
the dilution of medium when the 5E1 blocking antibody was
employed. CYCL, JERV, and SOL were prepared as 10 mM
stock solutions in 100% ethanol and stored at 48C. Before
experiments, alkaloids (5 or 10 AM) or IgG (20 or 40 Ag/ml)
were added to the culture medium and were present for the
duration of tongue cultures.
Short-term disruption of Shh signaling
In experiments to determine whether short-term disrup-
tion of the Shh signal alters tongue or papilla development,
E12 mandible cultures were exposed to CYCL or JERV for
4, 24, or 48 h. After each exposure period, cultures were
rinsed three times and then maintained in fresh STAND for
up to 3 days. E14 tongue cultures were exposed to CYCL
for short periods (5 AM for 4, 8, or 12 h; or 10 AM for 1, 2,
4, or 8 h) followed by the fresh STAND without CYCL for
up to 2 days.
To determine Shh immunoreactivity after the brief CYCL
exposure, E14 tongue cultures were fixed in 4% parafor-
maldehyde in 0.1 M phosphate-buffered saline (PBS), pH
7.4, at 4, 8, 12 or 48 h under STAND or 5 AM CYCL
condition.
Whole and sectioned tongue immunohistochemistry
The goat polyclonal, affinity-purified antibody AF464
(R & D Systems, Minneapolis, MN) against the mouse Shh
N-terminal peptide (aa 25–198) was used for whole and
sectioned embryonic tongues, as well as mandible and tongue
cultures, with an antigen retrieval procedure. Other rabbit (H-
160) and goat (N-19) polyclonal antibodies (Santa Cruz
Biotechnology, Santa Cruz, CA) against the amino terminus
of Shh also were used with similar results. Slides treated with
no primary antibody or with the same concentration of
normal IgG were used as controls. Other investigators have
reported data with these various Shh antibodies (e.g., Thayer
et al., 2003; Van Den Brink et al., 2001; Watkins et al., 2003),
and we have no indication of nonspecific staining with
positive and negative controls in our experiments.
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cultures were fixed in 4% paraformaldehyde in 0.1 M
PBS, pH 7.4, at 48C for 2 h. Tongues were transferred to
100% methanol and stored at 208C. Endogenous perox-
idase activity was blocked with 6% H2O2 in methanol at
room temperature for 5 h. Tongues were rehydrated into
PBS, through a descending methanol series, at 48C for 30
min each. Antigen retrieval was performed by heating at 92–
958C for 3–5 min, with the Universal Antigen Retrieval
Agent (CTS015; R & D Systems). Nonspecific staining was
blocked in PBS/MT (PBS with 2% skim milk powder and
0.1% Triton X-100). Tongues were incubated overnight at
48C with the primary antibody in PBS/MT blocking
solution at 1:100–250 dilutions. After rinsing (five times,
1 h each), tongues were incubated overnight at 48C with a
biotin-conjugated rabbit antigoat secondary antibody (Kir-
kegaard and Perry, Gaithersburg, MD) at 1:500 in blocking
solution. Tongues were subsequently rinsed and incubated
overnight at 48C with peroxidase-conjugated streptavidin at
1:500 in blocking solution. Following thorough rinsing, five
times at 1 h each in PBS/MT and two times at 1 h each in
PBS with 0.1% Triton X-100 and 0.2% bovine serum
albumin (Sigma, St. Louis, MO), tongues were preincubated
in nickel-intensified DAB solution (Vector Laboratories,
Burlingame, CA) without H2O2. Reactions were done in the
same DAB solution with the addition of 0.0003% H2O2.
Tongues were rinsed twice in PBS for 1 h each and stored in
4% buffered paraformaldehyde at 48C for subsequent
photography.
For Shh immunohistochemistry on tongue sections,
dissected embryo heads were frozen in O.C.T. compound.
Serial sagittal sections were cut at 12 Am, thaw-mounted
onto subbed slides, and fixed at 48C for 1.5 h in 4%
paraformaldehyde in 0.1 M PBS, pH 7.4. After fixation,
sections were rinsed in 0.1 M Tris buffer solution (pH 7.4).
Endogenous peroxidase activity was blocked in 0.5%
H2O2 in methanol. After rinsing in PBS, antigen retrieval
was performed by heating at 92–958C for 2–3 min in
Universal Antigen Retrieval Agent (CTS015; R & D
Systems). Nonspecific staining was blocked with 10%
normal rabbit serum in PBS and 0.3% Triton X-100
(Sigma) for 30 min, and then sections were incubated
overnight at 48C in primary antibody at 1:3000 in carrier
solution (1% normal rabbit serum, 0.3% Triton X-100 in
PBS). After rinsing in carrier solution, sections were
placed in biotin-labeled, rabbit antigoat secondary antibody
(Kirkegaard and Perry) at 1:250 in carrier solution at room
temperature for 30 min. Sections were rinsed and
incubated in HRP-labeled streptavidin (at 1:500 in 0.1 M
PBS), and the HRP label was visualized with nickel-
intensified DAB solution (Vector Laboratories). Reacted
slides were dehydrated through alcohols, cleared in xylene,
and coverslipped with PermountR mounting medium
(Fisher, Pittsburgh, PA).
Ptc was localized in whole embryonic tongues (E13–
E18) with goat polyclonal antibodies (Santa CruzBiotechnology) against the amino terminus (G-19, mouse
origin) and the carboxy terminus (C-20, human origin),
as well as mixtures of both antibodies, all with similar
results. The Ptc antibodies have been widely used in
several systems (e.g., Nakase et al., 2001; Thayer et al.,
2003; Watkins et al., 2003). An antigen retrieval protocol
was used similar to that for Shh immunolocalization,
with overnight incubation in primary antibody at 1:25
dilution.
Scanning electron microscopy
Microdissected E12 to E18 mandibles, tongues, or
tongue cultures were fixed overnight in 2.5% glutaraldehyde
in 0.1 M cacodylate buffer (pH 7.3) at room temperature.
Tongues were then rinsed in buffer and subsequently
postfixed in a sequence of aqueous 1% OsO4, 1% tannic
acid, 1% OsO4, for 30 min each at room temperature.
Tissues were then dehydrated through an ascending series of
ethanol, and ethanol was displaced by three changes of
hexamethyldisilazane (HMDS) for 45 min each. Residual
HMDS was evaporated in a fume hood overnight. Tissues
then were mounted on specimen stubs, lightly sputter-coated
with gold/palladium, and analyzed with a scanning electron
microscope.
Papilla quantification, statistics, and image analysis
Scanning electron micrographs of E13 whole tongue
cultures at 100 and E14 at 75 original magnifications
were used to count fungiform papillae in tongue cultures.
Micrographs at 200 were used to measure the diameters
of papillae on E13 control (STAND only or STAND with
SOL) and Shh-perturbed tongue cultures (STAND with
CYCL or anti-Shh). An area containing at least 40
fungiform papillae was chosen on the anterior part of the
oral tongue to measure the diameter of every papilla
enclosed within the area. For each papilla, the diameter
was measured along the longest axis. Fungiform papillae
were counted on 4 to 10 tongues in each experimental
condition.
In E14 tongues cultured for 2 days with short exposures
to CYCL, the number of fungiform papillae was quantified
in different regions of the oral tongue—the anterior tongue
half, extending from the distal border of the intermolar
eminence to the tongue tip; the intermolar eminence (IE)
area; and the areas just lateral to the intermolar eminence
area (L. IE) (Fig. 1).
Diameter and number of fungiform papillae are pre-
sented as means F standard error (SE). Statistical analyses
were conducted with analysis of variance (ANOVA)
followed by Duncan post hoc test. The significance level
was set at P V 0.05.
Digital images were generated from scanning electron
micrographs, immunostained whole tongues and/or man-
dibles, or slides. The images were then assembled into
Fig. 1. Scanning electron micrograph of E14 tongue maintained in culture
in standard medium for 2 days to illustrate tongue regions used for
quantifying fungiform papillae. Fungiform papillae (examples at arrow-
heads) form on the anterior tongue on either side of a broad median
furrow (mf). The anterior tongue is defined as the region distal to the
edge of the intermolar eminence (IE area). The IE is a papilla-free area
during development and in adult. The posterior oral tongue incorporates
the IE, the circumvallate papilla (black arrow), and lateral regions to the
IE (L. IE). The curved white arrow at the edge of the posterior tongue
serves to demarcate the boundary of the oral from pharyngeal tongue.
Scale bar: 1 mm.
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View, CA).Results
Embryonic tongue and taste papilla development, and Shh
protein localization proceed in direct association
To localize Shh protein in native rat embryonic tongue
and papillae during development and morphogenesis,
scanning electron micrographs and whole tongue immu-Fig. 2. Photomicrographs of embryonic mandible or tongue in situ on the mandible
immunohistochemistry for Shh (right) from E12 to E18. At E12 (SEM), there is no
the mandibular portion of branchial arch I (I). Diffuse Shh immunoreactivity is see
and intense Shh immunoproduct is present bilaterally in developing tooth buds (t)
tongue are prominent and separated by a deep sulcus. The tuberculum impar (TI)
embryonic oral tongue is well demarcated from the pharyngeal tongue by a deep g
II (I and II). The dorsal lingual epithelial surface is relatively smooth in appearanc
diffusely located throughout the anterior part of the lateral lingual swellings. Very
lingual swellings have fused into a spatulate anterior tongue with a wide me
significantly in size and has a pronounced intermolar eminence (IE). Small surface
median furrow represent fungiform papilla placodes; a single small eminence em
representing the forming circumvallate papilla (black arrow). A curved white arrow
dense in discrete, irregular patches on the anterior tongue where papilla placodes a
region. By E15 (SEM), the tongue exhibits further growth, and the fungiform papi
furrow. The single circumvallate papilla is clearly seen as an ovoid swelling (blac
Shh distribution to that of papillae by SEM. Signals are distinctive in each fu
immunoproduct is diffuse in the midline just anterior to the intermolar eminence w
papillae protrude more on the tongue surface. A few fungiform papillae are first s
immunoproduct is restricted to each fungiform and the circumvallate papilla (bla
circumvallate papillae is retained on the more developed tongue. Shh immunopro
(note: scale bars in E15 images also apply to E12, 13, and 14).nohistochemistry were compared from E12 to E18 (Fig. 2).
With scanning microscopy, at E12, two lateral swellings
that will form the anteriormost regions of the embryonic
tongue are apparent on the floor of the mandibular portion
of branchial arch I (Fig. 2, SEM E12). By E13, the set of
three swellings (lateral lingual swellings and tuberculum
impar) that will form the oral tongue is obvious and well
demarcated from the pharyngeal tongue by a deep groove
separating components of branchial arches I and II (SEM
E13). Fungiform papilla placodes become apparent at E14,
and both fungiform and circumvallate papillae are recog-
nized as discrete structures between E14 and E15 (SEM
E14, E15). The intermolar eminence, which has formed at
the site of the tuberculum impar, is large and conspicu-
ously free of papillae, and the median furrow broadly
separates anterior tongue halves. Fungiform and circum-
vallate papillae are well formed by E16 and remain in
stereotypic locations at E18 (SEM E16, E18). It is
important to note that the fungiform papillae initially form
(E14) and progressively develop in rows on anterior oral
tongue.
Localization of Shh protein in the embryonic tongue
indicates an early, initially diffuse distribution that
becomes progressively restricted to papilla taste organs
(Fig. 2, Shh immunohistochemistry). At E12, before
tongue formation, diffuse Shh immunoreactivity is seen
in swellings on the mandible and as an intense immuno-
product in developing tooth germs bilaterally. At E13,
even after considerable growth of the lower jaw and
formation of the early tongue, a diffuse Shh distribution
remains on the anterior part of the lateral lingual swellings.
However, accompanying and corresponding with the
emergence of fungiform papilla placodes, by E14, there
are large, intense, and irregular patches of Shh immuno-
product on anterior oral tongue on either side of the
median furrow and beside the intermolar eminence., analyzed with scanning electron microscopy (SEM, left) and whole mount
distinguishable tongue; two lateral swellings (L) are apparent on the floor of
n on the dorsal surface of the lateral swellings (Shh immunohistochemistry),
. At E13 (SEM), the two lateral lingual swellings of the anterior embryonic
, a third lingual swelling, is apparent in the more posterior midline, and the
roove (curved white arrow) separating components of branchial arches I and
e with no signs of papilla formation. Shh immunoproduct (on right, E13) is
weak Shh may be apparent in the TI region. At E14 (SEM), the two lateral
dian furrow demarcating the fusion (arrowhead). The tongue has grown
eminences that appear on the anterior oral tongue in two lines lateral to the
erges in the midline of the border between the oral and pharyngeal tongue
demarcates oral from pharyngeal tongue. Shh immunoproduct (on right) is
re forming. Some low level Shh may be present on the intermolar eminence
llae are now highly distinctive in multiple rows on either side of the median
k arrow). Whole tongue immunohistochemistry indicates a direct match in
ngiform papilla and in the circumvallate (black arrow). Some weak Shh
here no papillae are seen. At E16 (SEM), the fungiform and circumvallate
een in the midline just anterior to the intermolar eminence. As at E15, Shh
ck arrow). At E18 (SEM), the distinctive spatial pattern of fungiform and
duct is in all fungiform and in the circumvallate papilla. Scale bars: 1 mm
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restricted to the well formed but still developing fungiform
papillae. Similarly, on the posterior tongue, Shh is
observed in the region of the forming circumvallate papilla
at E15 and then is tightly restricted to the single circum-
vallate papilla at E16 and E18.
From E14 to E18, Shh protein is absent from the median
furrow. The intermolar eminence has low levels of Shh
immunoproduct. No apparent Shh immunoreactivity is
observed at any stage in the pharyngeal tongue.Sections through embryonic tongue confirm the whole
mount observations and demonstrate an initial uniform
distribution of Shh immunoproduct in the epithelium of the
anterior tongue swellings at E13 (Fig. 3, Sagittal tongue and
Anterior, E13). The Shh protein signal then becomes intense
and restricted to broad patches in the lingual epithelium that
correspond to placodes of the forming fungiform papillae at
E14. At E15 and E16, Shh protein is highly restricted and
most concentrated in the apical epithelium of the forming
fungiform papillae. At these stages, Shh signal also is
Fig. 3. Photomicrographs of Shh immunoreactivity in sagittal sections of entire embryonic rat tongue (Sagittal tongue), anterior and posterior tongue epithelium
at higher magnification (Anterior/Posterior), and the circumvallate papilla region at higher magnification (Circumvallate) from E13 to E16. The tongue tip is at
right in all images. Micrographs at one age are from the same tongue but not always the same tissue section. At E13, Shh immunoproduct is diffuse in the
relatively homogeneous epithelium of the anterior part of the lateral lingual swellings (Sagittal and Anterior) and is somewhat patchy in posterior tongue
(Posterior, open arrows). However, no apparent immunoreactivity was observed in the invaginated epithelial thickening at the foramen caecum where the
circumvallate papilla will form (Circumvallate). At E14, Shh is dense in surface elevations on the anterior oral tongue (Sagittal and Anterior). Weak signals are
seen in the underlying mesenchyme (Anterior, arrow). In posterior tongue, a band of Shh is seen in the epithelium (Posterior, open arrow). Also at this stage,
Shh immunoreactivity is localized in the basement membrane region of the forming circumvallate papilla (Circumvallate, arrowheads). By E15, the fungiform
papillae are composed of an elevated multilayered epithelium covering a mesenchymal tissue core. Shh is intense in the epithelium of each papilla (Sagittal and
Anterior), and some immunoproduct is also seen in the immediately underlying mesenchyme (Anterior, arrow). Weak immunoproduct is in posterior tongue
(Posterior). Shh is in all epithelial cell layers of the forming circumvallate papilla (Circumvallate). By E16, the fungiform and circumvallate papillae are well
developed. Shh is restricted to the papillae with intense staining near the basement membrane of the apical fungiform epithelium (Sagittal and Anterior). There
also is Shh immunoproduct in the mesenchymal tissue core covered by the fungiform epithelium (Anterior, arrow). Shh is in posterior tongue epithelium
(Posterior), and Shh protein in epithelial cells of the circumvallate papilla appears to be in a pericellular distribution (Circumvallate). Scale bar: 400 Am in E13–
16, Sagittal tongue micrographs. The scale bar at 25 Am in the E16 Circumvallate section (bottom right) applies to all images in the Anterior/Posterior and
Circumvallate columns.
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to the fungiform epithelium.
On the posterior part of the tongue, there are patches of
Shh immunoproduct at E13, and a distinctive line of Shh is
in the basement membrane region of the epithelium at E14
(Fig. 3, Posterior). At E15 and E16, Shh is in posterior
epithelium, although the immunoproduct is weaker than in
fungiform papillae on the anterior tongue. In the developing
circumvallate papillae, distinct Shh immunoreactivity is first
observed at E14 in basement membrane regions ofepithelium where the circumvallate papilla is developing
(Fig. 3, Circumvallate). At E15 and E16, Shh is present
throughout the depth of the epithelium of the forming
papilla and appears to be distributed pericellularly in the
E16 circumvallate papilla.
In summary, localization of the Shh protein is diffuse and
homogeneous in the earliest anterior, lingual epithelium and
progressively becomes concentrated in developing papilla
placodes and taste papillae, the fungiform and circum-
vallate. Accompanying fungiform papilla formation is an
H.-X. Liu et al. / Developmental Biology 276 (2004) 280–300 287apparent mesenchymal localization of Shh, just under apical
basement membrane regions of the fungiform.
Ptc protein surrounds Shh immunoproduct
The distribution of Ptc receptor protein coincides with
Shh, from a diffuse localization in anterior tongueFig. 4. Immunohistochemistry for Ptc in E13–E18 whole tongues. Insets at far righ
placodes and fungiform papillae at higher magnification, and two insets at E15 and
compare with Ptc. At E13, Ptc immunoproduct is diffusely distributed in the anterio
oral tongue. The broad median furrow is free of Ptc protein. Some weak immunop
region. At E15 and E16, Ptc is restricted to fungiform papillae and the forming circu
in contrast to the dense Shh protein within the papillae (see insets for Shh compare
remains in the well-formed circumvallate papilla and is punctate within fungiform
tongue also applies to E13 and E14. Scale bar in bottom right panel: 100 Am, appswellings at E13 to progressive restriction within develop-
ing placodes and taste papillae from E14 to E18 (Fig. 4).
However, the Ptc immunoproduct is always more diffuse in
nature and encircles the more intense Shh protein signal in
fungiform papillae at E15 and E16 (compare Shh and Ptc
immunoproduct in fungiform papillae at higher magnifica-
tion, Fig. 4).t of E14–E18 illustrate the distribution of Ptc immunoproduct within papilla
E16 also show the distribution of Shh protein (Shh) in fungiform papillae to
r tongue swellings and, by E14, is localized to broad patches on the anterior
roduct may be apparent on the posterior tongue in the intermolar eminence
mvallate papilla. Ptc protein is more diffuse and encircles fungiform papillae
d with Ptc distribution at higher magnification). At E18, Ptc immunoproduct
papillae on the tongue tip. Scale bars for whole tongues: 1 mm; bar for E15
lies to all fungiform papilla insets at far right.
Fig. 5. Photomicrographs of E12 mandible cultures in control (top row) or Shh signal disruption conditions (bottom row), analyzed with SEM or whole mount
immunohistochemistry for Shh (Shh-ir). The first two branchial arches (I and II) were dissected and cultured for 1–3 days under control conditions in standard
medium (STAND) or with addition of normal immune globulin (IgG, 20 Ag/ml), or with 5 AMCYCL or Shh-blocking antibody (A-Shh, 20 Ag/ml) to disrupt Shh
signaling. In STAND, the lateral lingual swellings (L) are clearly observed in branchial arch I after 1 day in culture, and after 2 days, the swellings are fused together
and the oral tongue body (T) has developed. After 3 days in culture with STAND only or addition of normal IgG, a distinctive tongue forms (T). Shh is diffusely
distributed in the anterior tongue of STAND cultures (STAND, Shh-ir). With CYCL, tongue formation is blocked in all cultures (CYCL, +2 days; +3 days, arrow
points to regionwhere tonguewould form in STAND). No apparent Shh immunoreactivity is seen in the floor of themandiblewith addition of CYCL (CYCL, Shh-
ir). With A-Shh, tongue development is inhibited in about 30% of the cultures (not illustrated), but the tongues that do develop in 71% of the cultures are smaller
and narrower (A-Shh, T) compared to those formed in STAND or IgG cultures (see Table 1). Scale bar: 500 Am, applies to all panels.
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disrupted
To study Shh regulation of embryonic tongue forma-
tion, E12 mandibles, including the first and second
branchial arches (see Fig. 2, E12), were dissected and
cultured for 1–3 days. Throughout culture periods,
mandibles were in STAND or STAND plus IgG, as
controls, or in STAND plus CYCL, JERV, or A-Shh to
interrupt Shh signaling.
In STAND cultures, the lateral lingual swellings are
clearly observed in branchial arch I after 1 day in culture,able 1
uantification of tongue formation in E12 mandible cultures maintained for 3 days under different control (STAND, IgG) and experimental (CYCL, A-Shh)
onditions
ulture condition Total cultures Tongues formed Size of formed tongues (% of STAND)
n n % Length Width
TAND 25 25 100 100 100
gG 20 Ag/ml 6 6 100 121 117
YCL 5 AM 18 2a 11 65 66
10 AM 2 0 0
-Shh 20 Ag/ml 14 10b 71 100 62
40 Ag/ml 8 6b 75 102 61
In these two cultures, only tissue masses formed, without a tongue shape or topography.T
Q
c
C
S
I
C
A
ab Formed tongues were much more narrow than those in STAND and IgG contrand after 2 days, the swellings are fused together and the
oral tongue body has developed (Fig. 5, +1 day, +2 days,
STAND). After 3 days in culture with STAND only or
addition of control IgG, the tongue is well formed (Fig. 5,
+3 days), although the size is smaller compared to the E15
tongue in vivo. Tongue formation from the E12 mandible is
reproducible and 100% reliable, either in STAND or
STAND plus IgG (Table 1). Shh protein is in a diffuse
distribution in the anterior tongue of cultures [Fig. 5, +3
days, STAND, Shh-immunoreaction (Shh-ir)].
Whereas the tongue forms consistently from E12
mandible cultures, addition of 5 or 10 AM CYCL blocksol groups (see Fig. 5).
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Table 1 that a tongue brudimentQ formed in 2 of 18 of the
E12 mandibles cultured with 5 AM CYCL; however, these
were tissue masses rather than distinguishable tongues. No
detectable Shh protein was seen in the tongue-free mandible
of CYCL cultures (Fig. 5, +3 days, CYCL, Shh-ir).
In an apparently less robust disruption of Shh signaling
with the 5E1 anti-Shh-blocking antibody (20 or 40 Ag/ml),
an atypical tongue formed in about 70–75% of E12
mandible cultures (Fig. 5, A-Shh; Table 1). However, the
very narrow shape of these tongues was markedly different
from those in STAND cultures; they were reduced in width
by about 40% compared to STAND tongues (Table 1). In
25–30% of these cultures, there was no tongue.
In summary, when the Shh signaling pathway is
disrupted with CYCL, the tongue formation that would
normally proceed from the floor of the mandible in culture
is abrogated.
To investigate the potential reversibility of Shh signal
disruption during tongue development and determine the
time required to achieve effective signal disruption, E12
mandible cultures were exposed to CYCL or JERV for 4,
24, or 48 h followed by fresh STAND for up to 3 days in
culture (Fig. 6). Cultures with STAND medium only,
refreshed at the corresponding time points, were used as
controls.
In STAND cultures, a distinguishable tongue was
formed reliably as described above, with all mediumFig. 6. Scanning electron micrographs of E12 mandible cultures with different exp
fresh STAND for up to 3 days in culture. In cultures with STAND medium only, ch
reliably (STAND, 4, 24, and 48 h, T). A distinctive but somewhat smaller tongue de
JERV, 4 h, T). However, no tongue developed with either 24- or 48-h exposure to
STAND). Scale bar: 500 Am, applies to all panels.changes (Fig. 6, STAND 4, 24, and 48 h). A short
disruption of Shh signaling for 4 h with 5 or 10 AM CYCL
or JERV did not block tongue formation, although tongues
were about 10% shorter than those in STAND (Fig. 6,
CYCL, JERV, 4 h). In contrast, 24 or 48 h of exposure to
5 AM CYCL was equally effective in preventing tongue
development, although the culture medium was returned to
STAND for the remaining 1 or 2 days (Fig. 6, CYCL 24,
48 h). Therefore, 24 h of CYCL exposure is sufficient to
irreversibly prevent tongue formation from the E12
mandible. We did not investigate Shh disruption periods
between 4 and 24 h.
Roles for Shh signaling in early tongue formation and
development, and emergence of the patterned distribution of
taste papillae
To define the period when Shh is active in early tongue
morphogenesis and in taste papilla formation, tongues were
cultured for 2 or 3 days started at E13 when the tongue is a
set of discrete tissue swellings and gustatory papillae have
not yet appeared, and at E14 when the tongue is well formed
and papilla placodes make their initial morphological
appearance. Both E13 and E14 are therefore crucial periods
for tongue growth and morphogenesis, and for papilla
induction and patterning. CYCL or A-Shh was added to
STAND culture medium to disrupt Shh signaling, and SOL
was used as a control.osure periods to STAND, CYCL, or JERV for 4, 24, or 48 h, all followed by
anged at the corresponding time points, a distinguishable tongue was formed
veloped in the cultures with 5 AM or 10 AMCYCL or JERV for 4 h (CYCL,
5 AM CYCL (CYCL 24, 48 h; arrow indicates where tongue would form in
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In culture, the three lingual swellings that represent the
E13 tongue have intrinsic signals to direct: tongue morpho-
genesis and growth, fungiform papilla formation in rows
with timing equivalent to in vivo development, and circum-
vallate papilla development. Thus, E13 tongues grow and
acquire a more spatulate form with 2 or 3 days in culture (Fig.
7A, STAND, SOL). However, in STAND and SOL cultures,
the anterior tongue halves retain a somewhat bifurcate shape,
comparable to the E15 embryo tongue (see Fig. 2). Scanning
electron micrographs demonstrate that dorsal surface special-
izations including numerous fungiform papillae, the single
posterior circumvallate papilla, and the intermolar eminence
all develop in culture with appropriate spatial distributions.
Fungiform papillae develop on either side of the midline
which is characterized by a wide median furrow.
In contrast, E13 tongues cultured in CYCL or A-Shh
acquire a pointed tip and lack a discernablemedian furrow and
the bifurcate anterior halves that characterize tongues in
control cultures (Fig. 7A, CYCL, A-Shh). Numerous,
crowded fungiform papillae form on the anterior tongue,
distributed across or encroaching upon the median furrow.
Furthermore, fungiform papillae also are seen on the posteriorFig. 7. Scanning electron micrographs (A) and histograms of number (B) and diam
(STAND, SOL) or Shh signal disruption (CYCL, A-Shh) conditions. In A, the
magnification (right column) is presented. Control tongues in STAND and with
tongue on either side of the median furrow, and a single circumvallate papilla form
border. In contrast, when Shh signaling is interrupted with 5 or 10 AM cyclopamin
the median furrow is obscured. In CYCL cultures, fungiform papillae form on anter
(B and C; ** = different from other conditions at P V 0.01). In tongues cultured wit
other conditions at P V 0.01) but not in size (C), compared to those in STAND or Soral tongue anterior to the circumvallate papilla. The latter is a
region where fungiform papillae never form in vivo or in
STAND and SOL cultures. Thus, in cultures with disrupted
Shh signaling, the intermolar eminence is virtually eliminated.
Fungiform papillae were counted in control and exper-
imental culture conditions. In both CYCL and A-Shh
cultures, number of papillae was about double that in cultures
with STAND or SOL (Fig. 7B, F(3,20) = 74.6). Furthermore,
the diameter of fungiform papillae in CYCL cultures, but not
in A-Shh cultures, was larger than in cultures with STAND or
SOL (Fig. 7C, F(4,38) = 15.5). We tested whether an even
higher concentration of CYCL (10 AMvs. 5 AM) would elicit
larger papilla dimensions; however, the increased concen-
tration did not affect papilla size or distribution (Fig. 7C).
The distribution of Shh protein in the superabundant
papillae was studied in E13 tongues cultured with CYCL.
Shh was within and restricted to each of the multiple
fungiform papillae and to the circumvallate papilla, which
formed in culture with CYCL (Fig. 8). The Shh immuno-
product was much more abundant in CYCL cultures than in
STAND tongues within the apical epithelium of all of the
large anterior and posteriorly located fungiform papillae,
and in the mesenchyme of the papillae core. In STANDeter (C) of fungiform papillae in E13 + 2- or 3-day cultures under contro
entire (left column) or anterior right quadrant of the oral tongue at highe
addition of SOL (10 AM) have multiple fungiform papillae on the anterio
s on posterior tongue. The curved white arrow demarcates the oral tongue
e (CYCL) or A-Shh (20 Ag/ml), the tongue cultures have a pointed tip, and
ior and posterior tongue locations and are increased in both size and numbe
h A-Shh, fungiform papillae are increased in number (B; ** = different from
OL cultures. Scale bar in A for left column: 1.0 mm; right column: 100 Aml
r
r
r
.
Fig. 8. Photomicrographs of E13 + 2-day cultures analyzed with Shh immunoreactivity in whole tongue cultures (top panels), sagittal and coronal sections at
low magnification (middle panels), and sagittal sections of papillae at high magnification (bottom panels). In STAND cultures, Shh immunoproduct is in
fungiform papillae on either side of the midline in the anterior tongue culture and in the circumvallate papilla (arrow). The median furrow is devoid of Shh. Shh
is intense in the elevated epithelium in the fungiform papillae with no or very weak signals seen in interpapilla spaces. In CYCL tongue cultures, Shh is intense
in the enlarged fungiform papillae and developing circumvallate (arrow). The median furrow is obscured by multiple fungiform papillae. Shh is very intense in
the apical papilla epithelium and is seen in underlying mesenchyme (arrow in panel at bottom). There is apparently little Shh-free space between papillae. Scale
bar for top panels: 1.0 mm; middle: 400 Am; bottom: 25 Am.
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the broad interpapilla spaces.
Tongue cultures from E14
E14 tongues cultured for 2 days with different steroidal
alkaloids or the 5E1 Shh-blocking antibody were previously
studied (Mistretta et al., 2003). For a complete develop-
mental sequence and direct comparison with earlier and later
tongue cultures, we replicated the E14 cultures and provide
a brief summary of these results here. Importantly, we also
extended previous findings by short exposures to Shh
signal-blocking agents during culture.
The dissected embryonic rat tongue at E14 has a
spatulate shape, and fungiform papilla placodes have
emerged as small surface eminences at this stage (see Fig.
2, SEM). Shh immunoproduct is very dense in irregular but
discrete patches on the anterior tongue (Fig. 2, Shh
immunohistochemistry). After 12 and 24 h in culture with
STAND, large fungiform papillae form on either side of the
median furrow, and the circumvallate papilla develops on
posterior tongue (Fig. 9, STAND, +12 and +24 h). After 48
h in culture, the distribution of fungiform papillae mimics in
vivo development, and a well-formed circumvallate papilla
is on the posterior tongue (Fig. 9, STAND, +48 h). Notably,
fungiform papillae are not seen on the intermolar eminenceor in the area in front of the circumvallate papilla, nor are
they numerous lateral to the intermolar eminence. This time
series demonstrates that there is a gradual and progressive
process of papilla development in vitro, as in embryonic
development.
In culture with CYCL or anti-Shh, the tongues retain a
typical spatulate shape similar to cultures in STAND, and
taste papillae develop (Fig. 9, CYCL, A-Shh). Notably, in 12-
h cultures, CYCL tongues are directly comparable to STAND
tongues. However, in CYCL tongues cultured for 24 h,
fungiform papillae appear crowded, and in CYCL tongues
cultured for 48 h, there is a dramatic effect of Shh signal
disruption. In contrast to tongues in STAND, tongues with
48-h CYCL or A-Shh exhibit increased numbers of fungi-
form papillae not only on the anterior tongue, but also on the
posterior oral tongue in front of the circumvallate papilla
where fungiform papillae never form in vivo. The median
furrow and pharyngeal tongue remain papilla-free. Also, a
single circumvallate papilla is sustained on posterior tongue.
Shh protein is immunolocalized in all fungiform papillae
and in the circumvallate papilla not only in STAND, but also
in all newly emerged papillae in CYCL and A-Shh tongue
cultures, and is not seen elsewhere on the tongue (Fig. 9, Shh-
ir). Within the fungiform papillae, Shh is intense in apical
epithelial cells and is especially abundant near the basement
Fig. 9. Scanning electron micrographs and whole tongue or sectioned tongue Shh immunoreactions (Shh-ir) of E14 cultures in STAND, 5 AM CYCL or 20 Ag/
ml A-Shh medium. Cultures were terminated after 12 (top row), 24 (second row), or 48 h (third row and all others). In STAND and CYCL cultures maintained
for 12 h, multiple fungiform papillae form on the anterior tongue (curved white arrow demarcates oral from pharyngeal tongue). In cultures kept for 24 h, the
fungiform papillae protrude more from the tongue, and the circumvallate papilla is obvious in the midline at the border of posterior oral tongue (black arrow).
After 48 h, fungiform and circumvallate papillae are more distinct on STAND tongues, but on CYCL tongues, the fungiform papillae are more numerous on
anterior tongue and notably have formed also across posterior regions. Shh immunoproduct is in the single circumvallate papilla and each fungiform papilla
(STAND, Shh-ir) including those that form in novel locations on the posterior tongue in culture with 5 AM CYCL or A-Shh (CYCL and A-Shh, Shh-ir). Within
fungiform papilla sections, Shh is localized in the epithelial cells and is intense in the basement membrane region (bottom, sagittal sections, Shh-ir). Some Shh
immunoproduct is also seen in the mesenchymal core of papillae. In CYCL cultures, the high-power micrograph at bottom right illustrates that some Shh is in
the basal cell region between fungiform papillae (arrows). With added A-Shh (A-Shh, SEM and -ir), fungiform papillae form on both anterior and posterior oral
tongue as in CYCL cultures. The median furrow and pharyngeal tongue remain papilla-free. Scale bars: 1.0 mm for whole tongue images; 400 Am for sagittal
tongue sections; 25 Am for sections at high power on the bottom.
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mesenchyme within the apical part of the papilla core and
between fungiform papillae in CYCL cultures (Fig. 9, CYCL,
Shh-ir, bottom).
Shh roles in fungiform papillae formation and patterns:
short and long periods of signal disruption
We studied specific timing effects and competence of
lingual epithelium in responding to Shh by testing whether a
short period of Shh signal disruption would lead to the
massive increase in numbers of fungiform papillae and to
papilla formation on posterior tongue that is seen in culturesFig. 10. Scanning electron micrographs (A) and histograms of fungiform papilla n
to CYCL (B: 5 AM CYCL for 4, 8, or 12 h; C: 10 AM CYCL for 1, 2, 4, and
maintained in fresh standard medium with no CYCL for up to 48 h. Cultures with
were taken as negative and positive controls. Multiple fungiform papillae form on t
10 AM CYCL). There are no fungiform papillae on the intermolar eminence (IE),
IE). A single circumvallate papilla is at the border of posterior oral tongue (arro
fungiform papillae on anterior tongue and L. IE area (A; and B: significant differen
papillae in the IE area in front of the circumvallate papilla (A and B). The effect o
for the entire culture period (48 h), with numerous fungiform papillae in the who
tongue) (A and B). With 10 AM CYCL, only 1-h exposure results in a significant in
area (A and C). Four hours of 10 AM CYCL exposure fully alters papilla number
increased on the IE area as well as anterior tongue and L. IE area (A and C). Lookin
it is apparent that only 1 h of CYCL exposure, with subsequent return to STAND,
formation on the IE is not at maximum level until 4 (10 AM) or 12 (5 AM) h in C
across all the groups in number of fungiform papillae on the anterior and posterior
and C indicate time at which there is a significant difference from 0 h but no difmaintained in CYCL over 2 days. E14 tongue cultures were
exposed to CYCL for periods of a few to several hours,
followed with a culture period up to 48 h in STAND. Tongues
were cultured inmediumwith 5 AMCYCL for 4, 8, or 12 h, or
with 10 AM CYCL for 1, 2, 4, or 8 h. Cultures with STAND
alone or with added CYCL for the entire 48-h culture period
were used as negative and positive controls.
Only 4 h of 5 AMCYCL exposure resulted in formation of
increased numbers (almost double) of fungiform papillae on
the anterior tongue as well as more distinctive fungiform
papillae on the tongue area lateral to the intermolar eminence
(Figs. 10A,B). In contrast, fungiform papillae on the inter-
molar eminence region did not form in significant numbersumbers (B, C) in E14 + 2-day tongue cultures with different exposure times
8 h). After exposure to CYCL, cultures were rinsed thoroughly and then
STAND alone (0 h) or with added CYCL for the entire 48-h culture period
he anterior tongue in the cultures with standard medium alone (A: 0 h, 5 and
but several papillae are seen in areas lateral to the intermolar eminence (L.
w). With 5 AM CYCL, 4 h of exposure results in an increased number of
ces at 4 h). Exposure to CYCL for 8 h results in some additional fungiform
f 12 h of CYCL exposure is equivalent to that in cultures exposed to CYCL
le oral tongue (anterior tongue half, IE, and L. IE area in the posterior oral
crease in the numbers of fungiform papillae on the anterior tongue and L. IE
and pattern, compared to CYCL exposure for 48 h; fungiform papillae are
g at differences in total papilla number in histograms at far right of B and C,
has substantial effects on fungiform papillae distribution. However, papilla
YCL. Scale bar in A = 1.0 mm. ANOVA demonstrates a significant change
(IE and L. IE) areas of the tongue cultures ( P values V 0.01). Arrows in B
ference from 48 h.
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CYCL exposure was about equivalent to continuous expo-
sure for 48 h in effects on papilla number and pattern.
With a higher concentration of CYCL (10 AM), it was
apparent that disrupting Shh signaling for only 1 h, with a
return to STAND, was sufficient to substantially increase the
numbers of fungiform papillae on the anterior tongue as well
as on the area lateral to the intermolar eminence (Figs.
10A,C). On the intermolar eminence per se, however,
fungiform papillae formed in significant numbers after 4 h
of Shh signal perturbation with 10 AM CYCL. Notably,
effects of brief CYCL exposures on papilla formation were
irreversible in subsequent STAND medium.
In summary, only a few hours of Shh signal disruption
followed with STAND culture conditions are sufficient to
double fungiform papilla number and induce papilla
formation on the intermolar eminence. The effect of Shh
signaling disruption is long lasting. This is apparent by
contrasting papilla number after 24 h in continuous CYCL
(Fig. 9, CYCL, E14 +24 h, there are not yet multiple new
fungiform papillae) and at 48 h after a brief, 4-h exposure to
CYCL. The significant disruption period is shorter with 10
AM compared to 5 AM CYCL, and at either concentration, a
longer signal interruption period is necessary to induce
papilla formation on the intermolar eminence, compared to
the interpapilla regions on the anterior tongue.
Roles for Shh signaling in later embryonic tongues after
papillae are well formed
Tongue cultures from E16 and E18
E16 and E18 embryonic tongues exhibit well-formed
fungiform papillae arranged stereotypically on the anterior
tongue and a distinct, single circumvallate papilla on the
posterior (see Fig. 2, SEM). When these tongues were
cultured for 2 days in STAND, CYCL, or A-Shh, noFig. 11. Scanning electron micrographs of E16 (left) and E18 (right) tongues cult
(right) and the circumvallate papilla (left) present regions of the whole tongue cul
well-formed fungiform papillae are distributed stereotypically on the anterior, and a
of 5 AM CYCL for the entire culture period, no apparent difference is observed in
1.0 mm for whole tongue images.differences were observed across groups, in fungiform papilla
number or pattern, or in dorsal tongue topography (Fig. 11).
The absence of effects of Shh disruption at later tongue and
papilla stages suggests that, once papilla morphology and
placement are advanced, Shh signaling does not have a direct
role in papilla maintenance. Furthermore, the competence of
the intermolar eminence to form fungiform papillae appa-
rently is not retained in later development.Discussion
We have shown that the entire embryonic rat tongue will
progress through developmental stages in organ culture,
beginning with an initial E12 mandible dissection before
tongue formation has commenced, and will be maintained as
late as an E18 dissection when tongue shape and topography
are advanced. Importantly, highly specialized spatial and
temporal information is retained in the tongue cultures,
demonstrated by development of the fungiform and circum-
vallate gustatory papillae in locations and at embryonic stages
that coincide with in vivo, embryonic development. Immu-
nolocalization of Shh and Ptc demonstrate early diffuse
distributions that become progressively restricted in taste
papilla placodes and then within the papillae per se, both in
the embryo and in vitro.
Furthermore, from our experiments, it is now apparent that
Shh not only is present, but also is a major morphogen both in
formation of the tongue organ itself and in directing fungi-
form papilla formation and the stereotypic anterior tongue
patterning of these papillae in rows. Interruption of Shh
signaling prevents in vitro tongue formation from E12
mandible cultures. In later development, disrupting Shh
signaling for only 1 h, at the time of active papilla morpho-
genesis, alters papilla numbers on the tongue. The effect of
this short disruption is irreversible. However, once papillaeured for 2 days in STAND or 5 AM CYCL. Micrographs of the tongue tip
tures at higher magnification. In STAND cultures of E16 and E18 tongues,
single circumvallate papilla remains on the posterior tongue. With addition
papilla size, number, or pattern compared with STAND cultures. Scale bars:
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Shh apparently does not have an obvious role in papilla
maintenance, nor does the tongue retain competence to add
fungiform papillae in atypical locations.
Our work distinguishes tongue formation and various
stages of gustatory papilla development as separable pro-
cesses, with finite periods of developmental competencies,
and demonstrates that Shh has distinctive roles in formation
of the tongue versus formation and patterning of the taste
papillae. Use of the whole embryonic tongue culture system,
in which tongues and papillae undergo morphogenesis and
retain molecular signatures characteristic of native embryos
(Mbiene et al., 1997; Nosrat et al., 2001), has made possible
our studies of Shh regulatory roles throughout tongue and
papilla development. Whereas Shh mutant rodents have
major facial defects that include cyclopia, various oral
malformations, and even absence of a tongue (Chiang et
al., 1996; Incardona and Roelink, 2000), the in vitro tongue
culture system provides a major advance for determining
molecular pathways that control tongue and taste papilla
development.
Shh has a major role in forming the embryonic tongue from
branchial arch I tissue components
There are few published reports of in vitro systems that
support lingual development. Tongue formation and devel-
opment reportedly progress in cultures of mandibular
processes from mouse embryos initiated at 9–10 days of
gestation (Chai et al., 1994; Kronmiller et al., 1991; Slavkin
et al., 1989). However, in these reports, the focus has been
on morphogenesis of cartilage and teeth in the mandible.
Therefore, little is known about tongue development or
regulatory factors.
Because tongue formation from our E12mandible cultures
was blocked consistently with cyclopamine, a major role for
Shh in tongue formation is demonstrated. Whereas a narrow,
tongue-like structure developed in 70–75% of cultures with
A-Shh, differences in extent of signaling block with A-Shh
and cyclopamine have been noted in other systems (Lamm et
al., 2002) and attributed to the more potent signaling
disruption with cyclopamine acting at the Patched-Smooth-
ened receptor interface (Chen et al., 2002; Incardona et al.,
1998; Taipale et al., 2000). The elimination of tongue
formation with cyclopamine treatment is similar to the
complete block of adenohypophyseal development in zebra-
fish embryo with cyclopamine (Sbrogna et al., 2003) and
indeed to early reports of lambs born without tongues from
ewes that had grazed on cyclopamine-containing grasses
(Keeler, 1984).
Development of the mandible itself with cyclopamine or
A-Shh was not noticeably different from standard cultures. A
role for Shh in lower jaw formation has been reported, but
signal disruption with the alkaloid jervine was needed at very
early mouse embryo stages (E9.5) to discern an effect, which
could not be demonstrated at E10.5 (ten Berge et al., 2001).We found that a 24-h exposure to cyclopamine, with return
to standard culture conditions for 2–3 days, was sufficient to
fully block tongue formation from the E12 mandible. On the
other hand, a short 4-h exposure to cyclopamine or jervine did
not block tongue development in vitro. This narrows the
window for a key period of Shh action in development of the
lingual organ in vitro. Although the early steps of tongue
formation remain poorly understood, we have shown a clear
and previously unknown dependence of tongue development
on Shh signaling. This establishes Shh as a crucial
morphogen in tongue formation. Since this paper was
submitted, descriptions of mutant mice with disrupted Shh
signaling have demonstrated that, whereas initial formation
of branchial arches is normal, many neural crest-derived
tissues are eliminated in craniofacial structures (Jeong et al.,
2004). For example, the tongue does not form in Wnt1-
Cre;Smon/c embryos, and no prospective tongue muscle cells
are detected. This finding implicates a cranial neural crest
contribution in initial tongue development and also reinforces
our demonstration that cyclopamine in E12 cultures prevents
tongue formation.
Shh signaling affects tongue shape after lingual swellings
have merged
Whereas cyclopamine disruption of Shh signaling at E12
prevents tongue formation from branchial arch tissues, in
cultures from E13 with cyclopamine or A-Shh, the lingual
swellings will continue to coalesce and form amore advanced
tongue. However, these tongues are pointed and the median
furrow is essentially obliterated with papilla overgrowth. In
addition, the papilla-free nature of the intermolar eminence
region is breached with formation of numerous fungiform
papillae. These new data add the tongue to several other
organs such as pancreas and spleen (Hebrok, 2003), prostate
(Freestone et al., 2003), pituitary (Treier et al., 2001), and eye
(Zhang and Yang, 2001) in which Shh signaling has
distinctive roles in initial development and subsequent
differentiation of functional tissue regions.
By E14, Shh signaling apparently no longer affects tongue
shape in culture. Thus, once the lingual swellings that
comprise initial tongue elements have merged and grown to
form a spatulate tongue, intrinsic molecular signals can direct
tongue development in vitro and disrupting the Shh pathway
no longer prevents the process.
Shh signaling has a role in establishing taste papilla pattern
from tissues of the early lingual swellings
In the E13 tongue, a merged set of three lingual swellings,
Shh is immunolocalized strongly to the more distal portions
of the anterior lingual swellings and weakly in posterior
tubercular impar. The Ptc protein overlaps Shh. Therefore, a
molecular boundary is apparent that demarcates anterior oral
tongue, where fungiform papillae will develop, from the
tuberculum impar which will give rise to fungiform-free
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This implicates Shh in establishment of the anterior tongue as
a fungiform papilla-permissive tissue region and suggests
that other molecular signals may interact with Shh to
effectively inhibit Shh expression in the papilla-nonpermis-
sive tuberculum impar.
When the E13 tongue is cultured, tongue morphogenesis
and growth proceed, fungiform papillae form on the anterior
tongue, and the single circumvallate papilla develops on
posterior tongue. With Shh signal disruption in vitro, the
fungiform papillae develop in increased numbers compared
to control conditions and are larger in diameter. In very
different organ systems, extrapancreatic buds form in
embryonic chick pancreas anlage (Kim and Melton,
1998), and increased numbers of ductal tips develop in
ventral prostate epithelium from mouse (Freestone et al.,
2003), when cyclopamine is used to disrupt Shh signaling.
Polydactyly is observed on anterior and posterior limbs in
mutant mice with vastly down-regulated Shh transcription
and translation (Krebs et al., 2003). Thus, in developing
taste papillae, pancreas, prostate, and digits, disrupting Shh
can effect multiplication of organ structures and thereby
alter spatial patterns.
The increased taste papillae that form with Shh disruption
seemingly overgrow and obliterate the median furrow of
anterior tongue, and develop in large numbers on the
intermolar eminence. Therefore, the typical fungiform papilla
pattern is totally altered, and a normally papilla-free region
incorporates papillae. This suggests that Shh not only
functions in maintaining papilla and interpapilla regions on
anterior tongue, but also signals more distantly to interact
with other molecules in maintaining a papilla-free intermolar
eminence. Finally, a competence of the embryonic intermolar
eminence to permit papilla formation is revealed.
Shh signaling regulates papilla number and location on
embryonic tongue at stages from placode to papilla
formation; brief periods of signal disruption irreversibly
alter papilla distribution
Our data demonstrate that an initial uniform distribution
of Shh in the anterior tongue at E13 progresses to a highly
localized and intense protein distribution in the fungiform
papilla placodes at E14. In mouse urogenital system, also,
there is an early, continuous distribution of Shh expression
in urogenital sinus epithelium that becomes more localized
in a subset of epithelial cells which evaginate into
mesenchyme and form prostate buds (Lamm et al., 2002);
this progressive localization accompanies functional roles
for Shh in bud formation. Associated with the restriction of
Shh within taste papilla placodes is also a clear requirement
for Shh in numerous aspects of papillagenesis. Whereas Shh
signaling disruption no longer alters in vitro tongue
morphogenesis at this stage (E14), fungiform papilla
formation, patterning, numbers, and location are radically
affected by Shh signal interruption. Our results indicate thatthe Shh pathway has a role in preventing papilla formation
in the interpapilla spaces on anterior tongue, the intermolar
eminence, and on posterior oral tongue. We present a model
at the end of the Discussion that suggests that Shh acts
differently at high and low concentrations to induce and
sustain papillae or activate interpapilla gene complexes that
suppress papilla formation, respectively.
The temporal requirements for effectiveness of cyclop-
amine in culture are striking: only 1 h of Shh signal
disruption is sufficient to alter the interpapilla lingual
epithelium so that fungiform papilla numbers are increased
on anterior tongue. Effects of this brief exposure are not
reversed by rinsing and continuing cultures through 2 days
in standard medium only. Therefore, once initiated, the
molecular programs for fungiform papilla formation pro-
gress, although the source of Shh signal disturbance is
removed. However, to effect fungiform papilla development
on the posterior intermolar eminence structure, 4 h of
cyclopamine exposure is required (and again, the brief
exposure effect is not reversible in standard medium). This
longer period to alter the nonpermissive papilla program of
the intermolar eminence suggests that the molecular signals
are working within an epithelium which is less susceptible
to signaling pathway disruptions that can ultimately reveal
an underlying competence for papillagenesis. At a lower
concentration of cyclopamine, longer exposure periods are
needed to disrupt fungiform papilla patterns on anterior
tongue and intermolar eminence. However, effective expo-
sures are still on the order of hours and are not reversible
with return to standard medium conditions. Such brief
cyclopamine exposure periods are not effective in prevent-
ing tongue formation from the E12 mandible. Together, our
data reinforce the different roles for Shh in tongue
formation, in fungiform papilla formation and patterning,
or in sustaining areas of epithelium that usually do not
reveal a competence to support papillae.
It is noteworthy that whereas Shh signaling has varied and
crucial roles in fungiform papilla development, an obvious
effect on the single circumvallate papilla is not apparent. The
single midline papilla forms at the border of oral and
pharyngeal tongue in culture with cyclopamine, jervine, or
anti-Shh. Our data suggest, however, that there are differ-
ences in shape of the circumvallate when Shh signaling is
interrupted, and we are pursuing specific study of this papilla,
which develops in tissue from a different lingual swelling
than the fungiform papillae.
Shh does not alter fungiform papilla number or pattern once
papillae are morphologically advanced
As the tongue epithelium and taste papillae are progres-
sively specified, competence of interpapilla and nonpapilla
epithelium to respond to Shh disruption is lost. Whereas Shh
remains highly localized within papillae and immunolocal-
ization of Ptc in the fungiform papilla surround at E16 and
E18 indicates that the Shh signal is active, at these stages,
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number or distribution in tongue cultures. Neither differ-
entiated fungiform papillae, interpapilla epithelia, nor non-
papillary tongue epithelium of the intermolar eminence is
responsive to disruption of the endogenous Shh signal. These
data suggest that, once papilla development is advanced, Shh
signaling does not have a direct role in the maintenance of
fungiform papilla patterns. Similarly, in later stages of feather
development, Shh signaling is active but no longer affects the
interfollicle ectoderm (Morgan et al., 1998). Shh activity and
the ability of epidermal cells to respond to Shh also are
temporally regulated in hair follicle cell development and
cycling (Oro and Higgins, 2003).
How Shh might regulate papilla formation and pattern
From experiments with E12 mandible through E18
tongue cultures, it is clear that Shh has different roles in
different contexts of tongue and taste papilla development.
In several models of organogenesis, Shh effects various cell
responses with different concentration thresholds, and there
are demonstrations that signaling can be short and longFig. 12. Summary diagrams (left) of Shh distribution (Shh) and effects of Shh signa
(right) for Shh roles in fungiform papilla patterning. Diagrams (left): In the embryo
and absent or very weak in the E13 tuberculum impar region (light red color). Ther
that rows of Shh and no-Shh alternate. By E16 and at E18, Shh is highly restricted
disruption in tongue cultures (compare STAND and CYCL) can eliminate tongue
number, and pattern (E13), or effect a doubling of fungiform papilla number and
(E14). After E16, Shh disruption does not alter fungiform papilla pattern. HYPO
placodes is progressively localized within cells in the fungiform papilla apex. Shh
gene complex so that papillae develop. Cells immediately adjacent to the sou
concentration in the papilla surround maintains expression of the xfp (no papilla)
cells to suppress fp so that papilla-free spaces are maintained. With cyclopamine in
fungiform papillae is disrupted, so xfp transcription is suppressed between papilla
fungiform papillae develop in an almost uniform field, essentially eliminating inter
as a morphogen in papilla development and as maintaining the interpapilla spacerange, and direct and indirect (Christian, 2000; Ingham and
McMahon, 2001). Our experiments suggest different modes
for Shh signaling in different stages of tongue and papilla
formation and patterning (Fig. 12).
In early establishment of the rodent tongue from three
lingual swellings, there are molecular territories that pre-
view future functional regions of the tongue. At E13, the
anterior, lateral lingual swellings that will differentiate to
lingual tissue supporting fungiform papillae have a rela-
tively uniform distribution of Shh and associated Ptc; in
contrast, the more posterior tuberculum impar that will
differentiate to the intermolar eminence that does not
support papillae has only a very low Shh expression (Fig.
12, summary diagrams). Higher levels of Shh acting on
nearby tissue may contribute to differentiation of anterior
gustatory epithelium, whereas low levels of Shh may
indirectly contribute to maintaining a papilla-free intermolar
eminence.
In development of papillae per se, we provide several
lines of evidence for involvement of Shh in papilla
formation. First, there is a close relationship between the
pattern of Shh expression and of fungiform papillae duringl disruption in culture (STAND versus CYCL) from E12 to E18 and a model
from E12 to E13, Shh (red color) is diffuse in the anterior lingual swellings
e is a progressive restriction of Shh in papilla placodes (E14, red patches) so
in fungiform papillae (and in the single, posterior circumvallate papilla). Shh
development (E12), alter tongue shape and increase fungiform papilla size,
induce papilla formation on the intermolar eminence and posterior tongue
THETICAL MODEL for Shh in papilla patterning (right): Shh in papilla
secreted within the papillae at high concentration activates the fp gene or
rce of Shh activate Ptc expression (hatched circle). Shh acting at lower
gene or gene complex (darker blue). Secreted xfp then acts on neighboring
terruption of Shh signaling, the response of cells surrounding the developing
e (lighter blue). There is, therefore, no xfp to suppress fp activity, so bnewQ
papilla spaces. The summary diagrams and model support roles for Shh both
s through indirect effects.
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in the early tongue, there is a progressive restriction on
anterior tongue in papilla placodes that establishes rows of
Shh/no Shh (Fig. 12, diagrams, E14). This placodal local-
ization demarcates intense Shh within placodes with an Shh-
free interplacodal surround. The intense Shh in prepapilla
placodes by definition precedes formation of papillae,
consistent with an essential role for Shh in papilla formation.
Subsequently, high intensity Shh is maintained within the
developing fungiform papillae, and there is a papilla
surround with much reduced Shh. Because Ptc immunor-
eactivity surrounds Shh immunoproduct in fungiform
papillae, the Shh signal apparently emanates symmetrically
from its source in papilla cells. Furthermore, there is a close
relationship between the pattern of Shh expression and of
fungiform papillae in E13 and E14 tongue cultures. Shh is
intensely localized in every fungiform papilla, including
those formed in increased numbers and atypical posterior
locations on tongues cultured with cyclopamine or Shh
antibody. In previous work, we demonstrated that the Ptc
protein is also associated with every fungiform papilla in
cultures with cyclopamine (Mistretta et al., 2003). Collec-
tively, our data suggest that Shh has inductive and
morphogenetic roles in fungiform papilla formation and also
functions to maintain the interpapilla space.
We propose that, within papilla placodes, high levels of
Shh interact with a putative fp (fungiform papilla) gene or
gene complex to direct formation of fungiform papillae (Fig.
12, model). Cells surrounding the placode or early papilla
respond to lower levels of Shh by activating a no-fungiform
papilla pathway and maintaining transcription of a putative
xfp (no-fungiform papilla) gene or gene complex. xfp could
act on cell neighbors to antagonize or suppress fp gene
activity, so that a papilla-free surround develops and
interpapilla spacing is maintained. Lower levels of Shh on
the posterior tongue could also function to activate and
maintain a no-papilla signaling pathway.
Thus, Shh at high levels in fungiform papillae is required
for the continuing morphogenesis of papillae from placodes
and at low levels in the surround for the suppression of
fungiform papillae. If cyclopamine disrupts the Shh path-
way, existing papilla placodes and developing fungiform
papillae remain and the interpapilla activation of xfp by low
levels of Shh is lost so that new papillae emerge in
interpapilla spaces (or on posterior tongue); an essentially
uniform field of papillae results. This proposition suggests
indirect and concentration-dependent effects of Shh in
supporting a pattern of fungiform papillae, as in the roles
for hedgehog in generating rows of larval denticles in
Drosophila (see Ingham and McMahon, 2001). In Droso-
phila, cells in furrows that are neighbors to hedgehog-
expressing rows respond to the hedgehog signal by
secreting wingless. The wingless protein can act on
neighboring cells to suppress denticle formation. With
interruption of hedgehog activity, a uniform lawn of
denticles develops because specific gene expressiondomains are disrupted. Similarly, in drosophila segment
boundary (Hatini and DiNardo, 2001; Larsen et al., 2003;
Lawrence and Struhl, 1996) and ommatidia (Dominguez,
1999) development, hedgehog acts on neighboring and
distant cells to establish signaling compartments that
regulate spatial patterns.
After fungiform papilla formation is advanced, Shh
remains intense within papillae, especially in the basement
membrane region, and disrupting Shh signaling does not alter
papillae or their distribution (Fig. 12, summary diagrams,
E16, E18). Thus, the lingual epithelium must have lost its
competence to alter differentiation programs in response to
Shh signal alterations.
What are candidates for the xfp gene(s) between fungiform
papillae? Roles for Gli1, 2, and 3 in activator and repressor
forms to mediate Shh signaling are various and differ across
organ systems (Krebs et al., 2003; Litingtung et al., 2002;
Ruiz i Altaba et al., 2003). Information on Gli proteins in
tongue is sparse (Hall et al., 1999), but a potential between-
papilla role for Gli proteins should be investigated. Other
obvious molecules to consider for roles in interpapilla
signaling include those in the Bmp, Fgf, and Wnt families
(Capdevila and Belmonte, 1999; Christian, 2000; Hoffman et
al., 2002). Data in progress from our laboratory demonstrate
that EGF and EGFr have distributions in embryonic tongue
that contrast with those of Shh and Ptc and that exogenous
EGF in cultures results in a dose-dependent decrease in
fungiform papillae and increase in interpapilla space on
anterior tongue (Liu and Mistretta, 2004). EGF in culture
apparently increases cell proliferation between but not within
fungiform papillae and may play a role in maintaining
interpapilla epithelium and spacing.
In summary we demonstrated that Shh has varying roles
in regulating tongue formation; tongue shape; emergence of
fungiform papillae from placodes; number, size, and pattern
of fungiform papillae; and localization of fungiform papillae
on the tongue. The graded distribution of Shh protein and
concentration-dependent effects in tongue and papilla
formation support a proposed role of Shh as a morphogen,
in addition to indirect roles in sustaining papilla-free lingual
epithelium. Only a few hours of Shh signal disruption can
irreversibly alter number and distribution of fungiform
papillae on anterior tongue and elicit papilla formation on
the intermolar eminence. Not only are crucial roles for Shh
signaling demonstrated, but also distinctive tissues of the
tongue are clearly highlighted as papilla-competent and
papilla-incompetent regions, and the developmental times
are identified during which normal competency of these
regions can be altered.Acknowledgment
This research was supported by National Institute on
Deafness and Other Communication Disorders, N.I.H.
Grant DC00456 to CMM.
H.-X. Liu et al. / Developmental Biology 276 (2004) 280–300 299References
Bitgood, M.J., McMahon, A.P., 1995. Hedgehog and BMP genes are
coexpressed at many diverse sites of cell–cell interaction in the mouse
embryo. Dev. Biol. 172, 126–138.
Capdevila, J., Belmonte, J.C.I., 1999. Extracellular modulation of the
hedgehog, Wnt and TGF-h signaling pathways during embryonic
development. Curr. Opin. Genet. Dev. 9, 427–433.
Carlson, B.M., 1988. Patten’s Foundations of Embryology, fifth ed.
McGraw-Hill Co., New York, pp. 495–497.
Chai, Y., Mah, A., Crohin, C., Groff, S., Bringas, P., Le, T., Santos, V.,
Slavkin, H.C., 1994. Specific transforming growth factor-h subtypes
regulate embryonic mouse Meckel’s cartilage and tooth development.
Dev. Biol. 162, 85–103.
Chen, J.K., Taipale, J., Cooper, M.K., Beachy, P.A., 2002. Inhibition of
hedgehog signaling by direct binding of cyclopamine to Smoothened.
Genes Dev. 16, 2743–2748.
Chiang, C., Litingtung, Y., Lee, E., Young, K.E., Corden, J.L.,
Westphal, H., Beachy, P.A., 1996. Cyclopia and defective axial
patterning in mice lacking Sonic hedgehog gene function. Nature
383, 407–413.
Christian, J.L., 2000. BMP, Wnt and hedgehog signals: how far can they
go? Curr. Opin. Cell Biol. 12, 244–249.
Cobourne, M.T., Sharpe, P.T., 2003. Tooth and jaw: molecular mechanisms
of patterning in the first branchial arch. Arch. Oral Biol. 48, 1–14.
Cooper, M.K., Porter, J.A., Young, K.E., Beachy, P.A., 1998. Teratogen-
mediated inhibition of target tissue response to Shh signaling. Science
28, 1603–1607.
Dominguez, M., 1999. Dual role for hedgehog in the regulation of the
proneural gene atonal during ommatidia development. Development
126, 2345–2353.
Ericson, J., Morton, S., Kawakami, A., Roelink, H., Jessel, T.M., 1996.
Two critical periods of Sonic hedgehog signaling required for the
specification of motor neuron identity. Cell 87, 661–673.
Freestone, S.H., Marker, P., Grace, O.C., Tomlinson, D.C., Cunha, G.R.,
Harnden, P., Thomson, A.A., 2003. Sonic hedgehog regulates prostatic
growth and epithelial differentiation. Dev. Biol. 264, 352–362.
Fuse, N., Maiti, T., Wang, B., Porter, J.A., Tanaka Hall, T.M., Leahy,
D.J., Beachy, P.A., 1999. Sonic hedgehog protein signals not as a
hydrolytic enzyme but as an apparent ligand for Patched. Proc. Natl.
Acad. Sci. U. S. A. 96, 10992–10999.
Gaffield, W., Keeler, R.F., 1996. Craniofacial malformations induced in
hamsters by steroidal alkaloids. J. Nat. Toxins 5, 25–38.
Gaffield, W., Benson, M., Lundin, R., Keeler, R.F., 1986. Carbon-13 and
proton nuclear magnetic resonance spectra of Veratrum alkaloids. J. Nat.
Prod. 49, 286–292.
Gaffield, W., Incardona, J.P., Kapur, R.P., Roelink, H., 1999. A looking
glass perspective: thalidomide and cyclopamine. Cell. Mol. Biol. 45,
579–588.
Goodrich, L.V., Scott, M.P., 1998. Hedgehog and Patched in neural
development. Neuron 21, 1243–1257.
Hall, J.M., Hooper, J.E., Finger, T.E., 1999. Expression of Sonic hedgehog,
Patched, and Gli1 in developing taste papillae of the mouse. J. Comp.
Neurol. 406, 143–155.
Hall, J.M., Bell, M.L., Finger, T.E., 2003. Disruption of Sonic hedgehog
signaling alters growth and patterning of lingual taste papillae. Dev.
Biol. 255, 263–277.
Hatini, V., DiNardo, S., 2001. Divide and conquer: pattern formation in
Drosophila embryonic epidermis. Trends Genet. 17, 574–579.
Hebrok, M., 2003. Hedgehog signaling in pancreas development. Mech.
Dev. 120, 45–57.
Hill, D.L., 2001. Taste development. In: Blass, E. (Ed.), Handbook of
Behavioral Neurobiology, Developmental Psychobiology, vol. 13.
Plenum, New York, pp. 517–549.
Hoffman, M.P., Kidder, B.L., Steinberg, Z.L., Lakhani, S., Ho, S.,
Kleinman, H.K., Larsen, M., 2002. Gene expression profiles of mousesubmandibular gland development: FGFR1 regulates branching mor-
phogenesis in vitro through BMP- and FGF-dependent mechanisms.
Development 129, 5767–5778.
Hu, D., Helms, J.A., 1999. The role of Sonic hedgehog in normal and
abnormal craniofacial morphogenesis. Development 126, 4873–4884.
Incardona, J.P., Roelink, H., 2000. The role of cholesterol in Shh signaling
and teratogen-induced holoprosencephaly. Cell. Mol. Life Sci. 57,
1709–1719.
Incardona, J.P., Gaffield, W., Kapur, R.P., Roelink, H., 1998. The
teratogenic Veratrum alkaloid cyclopamine inhibits Sonic hedgehog
signal transduction. Development 125, 3553–3562.
Ingham, P.W., McMahon, A.P., 2001. Hedgehog signaling in animal
development: paradigms and principles. Genes Dev. 15, 3059–3087.
Jeong, J., Mao, J., Tenzen, T., Kottmann, A.H., McMahon, A.P., 2004.
Hedgehog signaling in the neural crest cells regulates the patterning and
growth of facial primordial. Genes Dev. 18, 937–951.
Jung, H.-S., Francis-West, P.H., Widelitz, R.B., Jiang, T.-X., Ting-Berreth,
S., Tickle, C., Wolpert, L., Chuong, C.-M., 1998. Local inhibitory
action of BMPs and their relationships with activators in feather
formation: implications for periodic feather patterning. Dev. Biol. 196,
11–23.
Jung, H.-S., Oropeza, V., Thesleff, I., 1999. Shh, Bmp-2, Bmp-4 and Fgf-8
are associated with initiation and patterning of mouse tongue papillae.
Mech. Dev. 81, 179–182.
Kaufman, M.H., 1992. The Atlas of Mouse Development. Academic Press,
New York.
Keeler, R.F., 1984. Teratology of steroidal alkaloids. In: Pelletier, S.W.
(Ed.), Alkaloids: Chemical and Biological Perspectives. Wiley, New
York, pp. 389–425.
Kim, S.K., Melton, D.A., 1998. Pancreas development is promoted by
cyclopamine, a hedgehog signaling inhibitor. Proc. Natl. Acad. Sci.
U. S. A. 95, 13036–13041.
Krebs, O., Schreiner, C.M., Scott Jr., W.J., Bell, S.M., Robbins, D.J., Goetz,
J.A., Alt, H., Hawes, N., Wolf, E., Favor, J., 2003. Replicated anterior
zeugopod (raz): a polydactylous mouse mutant with lowered Shh
signaling in the limb bud. Development 130, 6037–6047.
Kronmiller, J.E., Upholt, W.B., Kollar, E.J., 1991. EGF antisense
oligodeoxynucleotides block murine odontogenesis in vitro. Dev. Biol.
147, 485–488.
Lamm, M.L.G., Catbagan, W.S., Laciak, R.J., Barnett, D.H., Hebner, C.M.,
Gaffield, W., Walterhouse, D., Iannaccone, P., Bushman, W., 2002.
Sonic hedgehog activates mesenchymal Gli1 expression during prostate
ductal bud formation. Dev. Biol. 249, 349–366.
Larsen, C.W., Hirst, E., Alexandre, C., Vincent, J.-P., 2003. Segment
boundary formation in Drosophila embryos. Development 130,
5625–5635.
Lawrence, P.A., Struhl, G., 1996. Morphogens, compartments, and pattern:
lessons from Drosophila? Cell 85, 951–961.
Litingtung, Y., Dahn, R.D., Li, Y., Fallon, J.F., Chiang, C., 2002. Shh and
Gli3 are dispensable for limb skeleton formation but regulate digit
number and identity. Nature 418, 979–983.
Liu, H.-X., Mistretta, C.M., 2004. EGF and SHH signals regulating taste
papilla pattern in embryonic rat tongue. Neuroscience Abstracts, Society
for Neuroscience 34th Annual Meeting, San Diego, CA.
MacCallum, D.K., 1994. dLiftedQ collagen cultures of epithelial cells
including techniques for including dfeeder cellsT. In: Griffiths, J.B.,
Doyle, A., Newell, D.G. (Eds.), Cell and Tissue Culture: Laboratory
Procedures, Module 12B. Wiley, New York, pp. 5.1–5.2.
Mbiene, J.-P., MacCallum, D.K., Mistretta, C.M., 1997. Organ cultures of
embryonic rat tongue support tongue and gustatory papilla morpho-
genesis in vitro without intact sensory ganglia. J. Comp. Neurol. 377,
324–340.
Mistretta, C.M., 1972. Topographical and histological study of the
developing rat tongue, palate and taste buds. In: Bosma, J.F. (Ed.),
Oral Sensation and Perception: The Mouth of the Infant. Thomas,
Springfield, IL, pp. 163–187.
Mistretta, C.M., 1991. Developmental neurobiology of taste. In: Getchell,
H.-X. Liu et al. / Developmental Biology 276 (2004) 280–300300X.-M., Doty, R., Bartoshuk, L., Snow, J. (Eds.), Smell and Taste in
Health and Disease. Raven Press, New York, pp. 35–64.
Mistretta, C.M., Liu, H.-X., Gaffield, W., MacCallum, D.K., 2003. Cyclop-
amine and jervine in embryonic rat tongue cultures demonstrate a role for
Shh signaling in taste papilla development and patterning: fungiform
papillae double in number and form in novel locations in dorsal lingual
epithelium. Dev. Biol. 254, 1–18.
Morgan, B.A., Orkin, R.W., Noramly, S., Perez, A., 1998. Stage-specific
effects of Sonic hedgehog expression in the epidermis. Dev. Biol. 201,
1–12.
Nakase, T., Miyaji, T., Kuriyama, K., Tamai, N., Horiki, M., Tomita, T.,
Myoui, A., Shimada, K., Yoshikawa, H., 2001. Immunohistochemical
detection of parathyroid hormone-related peptide, Indian hedgehog, and
Patched in the process of endochondral ossification in the human.
Histochem. Cell Biol. 116, 277–284.
Nosrat, C.A., MacCallum, D.K., Mistretta, C.M., 2001. Distinctive
spatiotemporal expression patterns for neurotrophins develop in
gustatory papillae and lingual tissues in embryonic tongue organ
cultures. Cell Tissue Res. 203, 35–45.
Oro, A.E., Higgins, K., 2003. Hair cycle regulation of hedgehog signal
reception. Dev. Biol. 255, 238–248.
Oro, A.E., Scott, M.P., 1998. Splitting hairs: dissecting roles of signaling
systems in epidermal development. Cell 95, 575–578.
Paulson, R.B., Hayes, T.G., Sucheston, M.E., 1985. Scanning electron
microscope study of tongue development in the CD-1 mouse fetus.
J. Craniofac. Genet. Dev. Biol. 5, 59–73.
Quint, E., Smith, A., Avaron, F., Laforest, L., Miles, J., Gaffield, W.,
Akimento, M.-A., 2002. Bone patterning is altered in the regenerating
zebrafish caudal fin after ectopic expression of Sonic hedgehog and
bmp2b or exposure to cyclopamine. Proc. Natl. Acad. Sci. U. S. A. 99,
8713–8718.
Robinson, G.W., Mahon, K.A., 1994. Differential and overlapping expres-
sion domains of Dlx-2 and Dlx-3 suggest distinct roles for Distal-less
homeobox genes in craniofacial development. Mech. Dev. 48, 199–215.
Ruiz i Altaba, A., Nguyen, V., Palma, V., 2003. The emergent design of the
neural tube: prepattern, SHH morphogen and the GLI code. Curr. Opin.
Genet. Dev. 13, 513–521.
Sbrogna, J.L., Barresi, M.J.F., Karlstrom, R.O., 2003. Multiple roles forhedgehog signaling in zebrafish pituitary development. Dev. Biol. 254,
19–35.
Slavkin, H.C., Bringas Jr., P., Sasano, Y., Mayo, M., 1989. Early
embryonic mouse mandibular morphogenesis and cytodifferentiation
in serumless, chemically defined medium: a model for studies of
autocrine and/or paracrine regulatory factors. J. Craniofac. Genet. Dev.
Biol. 9, 185–205.
Taipale, J., Chen, J.K., Cooper, M.K., Wang, B., Mann, R.K., Milenkovic,
L., Scott, M.P., Beachy, P.A., 2000. Effects of oncogenic mutations in
Smoothened and Patched can be reversed by cyclopamine. Nature 406,
1005–1009.
ten Berge, D., Brouwer, A., Korving, J., Reijen, M.J., van Raaij, E.J.,
Verbeek, F., Gaffield, W., Meijink, F., 2001. Prx1 and Prx2 are upstream
regulators of Sonic hedgehog and control cell proliferation during
mandibular arch morphogenesis. Development 128, 2929–2938.
Thayer, S.P., di Magliano, M.P., Heiser, P.W., Nielsen, C.M., Roberts, D.J.,
Lauwers, G.Y., Qi, Y.-P., Gysin, S., Fernandez del-Castillo, C., Yajnik,
V., Antoniu, B., McMahon, M., Warshaw, A.L., Hebrok, M., 2003.
Hedgehog is an early and late mediator of pancreatic cancer tumori-
genesis. Nature 425, 851–856.
Thesleff, I., 2003. Epithelial-mesenchymal signalling regulating tooth
morphogenesis. J. Cell Sci. 116, 1647–1648.
Treier, M., O’Connell, S., Gleiberman, A., Price, J., Szeto, D.P., Burgess, R.,
Chuang, P.-T., McMahon, A.P., Rosenfeld, M.G., 2001. Hedgehog
signaling is required for pituitary gland development. Development 128,
377–386.
Van Den Brink, G.R., Hardwick, J.C.H., Tytgat, G.N.J., Brink, M.A., Ten
Kate, F.J., Van Deventer, J.H., Peppelenbosch, M.P., 2001. Sonic
hedgehog regulates gastric gland morphogenesis in man and mouse.
Gastroenterology 121, 317–328.
Watkins, D.N., Berman, D.M., Burkholder, S.G., Wang, B., Beachy, P.A.,
Baylin, S.B., 2003. Hedgehog signaling within airway epithelial
progenitors and in small-cell lung cancer. Nature 422, 313–317.
Yu, M., Wu, P., Wideltz, R.B., Chuong, C.-M., 2002. The morphogenesis of
feathers. Nature 420, 308–312.
Zhang, X.-M., Yang, X.-J., 2001. Temporal and spatial effects of Sonic
hedgehog signaling in chick eye morphogenesis. Dev. Biol. 233,
271–290.
